Aerosolization of the thermophilous fungal opportunist Aspergillus fumigatus from mechanically agitated compost piles was examined at a pilot-scale sewage sludge composting facility and two other selected test sites. Aerosols of A. fumigatus downwind from stationary compost piles were insignificant in comparison with those downwind from agitated piles. These aerosols were generated by a front-end loader moving and dropping compost. Aerial concentrations of the fungus at distances downwind from the point of emission were used to determine an emission rate for A. fumigatus associated with the moving operations. The maximum emission rate, 4.6 x 106 A. fumigatus particles per s, was used to calculate predicted concentrations in an unobstructed plume with restrictive, neutral, and dispersive atmospheric mixing conditions up to 1 km downwind from the emission source.
Increasingly stringent regulations governing pollutant discharges into the air and water have resulted in increased sludge production from municipal wastewater treatment plants. Proper disposal of these additional volumes of sewage sludge is rapidly becoming an urban problem and a possible constraint to urban growth. Most disposal techniques, such as incineration, ocean dumping, and land application, have negative environmental impacts. However, composting of sewage sludge recovers and recycles the resource, creating a useful agricultural product. Nevertheless, the composting process can affect the odor and the particulate and microbial burden of the local air environment. Part of the latter phenomenon was investigated qualitatively and quantitatively in the research reported in this paper.
Spores and other viable elements produced by actinomycetes, bacteria, and fungi during the thermogenic self-heating stages of composting may be released into the atmosphere when compost piles are disturbed. Earlier work at a sewage sludge compost site (17) indicated that the thermophilous fungus Aspergillus fumigatus Fres. was released into the air during the handling of compost by front-end loaders (FEL). However, those observations were based on nonvolumetric data and were thus only semiquantitative.
To quantitatively characterize the airborne concentrations ofA. fumigatus at a compost site, an aerometric survey was conducted. Data on the aerial concentrations of thermophilous actinomycetes (those able to grow at 450C) were also sought during this survey, because no information is available on the occurrence of these organisms in this circumstance and because these microbes can incite allergic reactions in humans when inhaled (11) . The results of the survey are presented below and verify the initial indications that high ambient concentrations of A. fumigatus are possible when compost is disturbed by mechanical handling. Some of these handling operations (e.g., separation of wood chips from the compost in a mechanical drum screen outdoors and entrainment of compost dust by vehicle wheels) were obvious to the unaided eye as possible sources ofA. fumigatus.
Other operations, such as movement of compost by FEL, and windblown losses from static piles were not obvious sources of A. fumigatus. Although various enclosures could reduce dust and A. fumigatus release from screening and housekeeping practices could reduce surface dust entrainment, the movement of compost by FEL remains an essential part of the operation and a potential source ofA. fumigatus emission. Thus, A. fumigatus release during FEL movement of compost needed further investigation. The extent of dispersal of any A. fumigatus release requires examination because of possible health consequences associated with this organism. These relate to the A. fumigatus proclivity to incite allergic reactions of the immediate or delayed types and to cause infections in individuals affected by some underlying medical difficulty. Additional details on the health-related aspects of A. fumigatus are discussed in an annotated review of the current literature on aspergillosis (15) .
The small size of A. fumigatus spores (diameter, 3.0 tm) and their low terminal settling velocity (0.03 cm/s) (9) suggested that the aerial dispersal of A. fumigatus spores would follow the Gaussian form and that the extent of aerial dispersal to locations downwind from an emitting source could be estimated by using models (19, 22) . Dispersion models have been used previously for atmospheric pollutants and, with modifications, for microbial aerosols (3, 14, 18) . Application of these models requires knowledge of the basic rate of emission of the particles of concem, in this case A. fumigatus.
In addition to the survey of A. fumigatus concentrations in air after dispersal, a second objective of this study was to determine an emission rate for A. fumigatus associated with the mechanical agitation of compost. Comments are provided on the use of the study results in evaluating aerosol dispersal from spore-emitting operations to surrounding environments.
MATERIALS AND METHODS
Compost source. The subject composts were self heating and were produced by the Beltsville aerated pile method, which involves 21 days of forced aeration, followed by an additional 30 days of curing (no forced aeration). The composting mixture contained 2.5 parts wood chips and 1 part raw sewage sludge, by volume (or approximately equal parts on a weight basis). Additional details of the composting method are reported elsewhere (6 (17) .
Sampler locations. The sampler locations were selected to coincide with the expected plume center line, which was assumed to approximate the mean wind direction during the sampling interval. Since the exact mean wind direction could not be determined in advance, the strip chart trace of wind direction for the interval just before sampling was used to locate the samplers. Generally, the mean wind direction shifted only a few degrees during the trial runs. Thus, the samplers were close to, but not exactly on, the plume center line. Precise location of each sampler with respect to the emitting source was determined after all trials by using a surveyor's transit, stadia rod, and tape measure. The sampler location coordinates were normalized to the mean wind direction for each trial run, with the x and y coordinates corresponding to the downwind and crosswind directions, respectively. The z (height) coordinate was reasonably constant, since the sites were chosen for their flatness. These coordinates were used to calculate the emission rate (Q) in the model described below. The extent of meteorological variation was considered in the determinations of the atmospheric stability classes (see below).
Background samples. Estimations of Q based on the observed concentrations of A. fumigatus at the various sampling coordinates were calculated with the aid of a computer programmed for the Pasquill atmospheric dispersion model with the conversion of Gifford (8) Samplers. Six-stage Andersen viable air samplers were used to collect fungi, actinomycetes, and bacteria from air. The sampler-pump collection train was calibrated to draw 28.3 liters/min (0.028 m3/min). Before each use, each sampler was cleaned in 10% Wescodyne solution, and the holes in each stage were cleared of any lodged debris; samplers were then rinsed in 70% ethanol and allowed to air dry in a microbiological safety hood. This procedure was adequate, as verified by surface swab tests, to insure against contamination of the samples from residual microbes lost to the inner surfaces of the sampler from previous collections. To prevent contamination, the samplers and plates were assembled and disassembled in a microbiological safety hood.
During collection periods, each sampler was placed on its side in a holder located 2.1 m above ground level. The sampling orifice was directed into the wind, and the intake cone was removed, as recommended by May (16) and P. H. Gregory (personal communication). Samplers were operated simultaneously for designated intervals ranging from 2 to 30 min, depending on sampler location; shorter sample times corresponded to locations close to the emission source.
Culture conditions. Two series of selective media were used in the samplers to obtain data on A. fumigatus as well as other thermophilous fungi and actinomycetes. For petri plates placed at stages 1 to 3 of the Andersen assembly, we used oxgall antibiotic agar with the following components (in grams per liter): peptone, 10; dextrose, 10; oxgall, 15 (7), and Apinis (2). Actinomycetes and bacteria on plates at stages 5 and 6 were recorded separately where possible; isolations and identifications were made for only a few representative isolates. For the survey portion of the work, calculations of viable microbial particle concentrations were based on the positive hole conversion method (all stages) of Andersen (1) . For the dispersion studies, viable microbial particle concentrations were calculated by the following expression: number of colonies/ (0.028 m3/minute x minutes of sample time). A cumulative particle size distribution was tabulated for the dispersion data. Median particle diameter was determined graphically, and the standard deviation was calculated as shown by Dimmick (5).
RESULTS
Survey of BARC compost site. Sample sites are indicated by sample numbers on the map in Fig. 1 . The wind speed and direction prevailing during each sampling are shown in Table 1 , along with the concentrations of the viable particles of thermophilous microorganisms detected. Data at upwind sites appear as the first sample number for each collection date shown in Table 1 . Unanticipated vehicle traffic upwind of the background control sites was a problem during collection of sample 5. Screener 1 (Fig. 1 ) was in operation immediately before collection of sample 16, confounding the use of sample 16 as a background check sample. Excluding these two occasions, the ranges of aerial concentrations for the different classes of microorganisms at the upwind sites were as follows (in number of particles per cubic meter): total, 13 to 329; actinomycetes, 0 to 317; fungi, 0 to 158; A. fumigatus, 9 to 155. For comparison, the concentration ranges of microbes in air collected at a noncompost, background site were as follows (in number of particles per cubic meter): total, 0 to 59; actinomycetes, 0 to 35; fungi and A. fumigatus, 0 to 24 (Table 2) .
For fungi and A. fumigatus most of the upwind concentrations were in the range of concentrations detected at noncompost sites. For actinomycetes, upwind concentrations were frequently higher than the concentrations found at noncompost sites, indicating that upwind sites were not always unbiased background controls. Ideal upwind locations were not always available due to the physical constraints of the sites. Despite this, the marked effect of mechanical agitation of compost on the microbial content of air nearby is obvious from a comparison of the aerial concentrations downwind of the compost site activity with the concentrations upwind ( on October 28, 2017 by guest http://aem.asm.org/ Downloaded from associated with the piling of compost by FEL. These aerosols rapidly dispersed once the mechanical agitation ceased. Also, these results suggest that few of these aerosolized microbes originated as windblown losses from stationary piles of compost. The total microbial aerosol concentration during compost agitation was approximately 150 to 200 times that present during quiescent periods in the working area. The fungi in the aerosols produced by mechanical agitation were typical of those found in examinations of compost samples (17) . Only a few of the many actinomycete isolates obtained have been identified so far; these include Micropolyspora sp., Nocardia sp. 1, Nocardia sp. 2, Saccharomonospora viridis, Streptomyces spp., and Thermoactinomyces vulgaris.
Dispersal tests. Site 2 and 3 sample locations are indicated in Fig. 2 and 3 ; sample numbers correpond to those given in Table 4 . The precise locations of the samplers with respect to the piles and the mean wind direction for the sample period are indicated by the coordinates for each sample ( Table 4) .
The range of microbial aerosol concentrations obtained in 40 background samples is shown in Table 5 , along with several measures of the frequency distribution of each microbe class. Of Because the aerodynamic size of airborne particles influences their penetration and deposition into the respiratory system, the results from the air-sampling tests were evaluated in terms of the aerodynamic sizes of the captured particles. This size determination was based on the fractionation obtained within the Andersen sampler (Table 7 and Fig. 4 ). For these samples the A. fumigatus particle median diameter was 3.8 ± 1.6 pn. The cumulative distribution plot (Fig. 4) shows that approximately 87% of the A. fumigatus particles in the aerosol are breathable (c7 gm), approximately 70% can pass the trachea and primary bronchi, 5% can reach the terminal bronchi, and less than 1% can reach the alveoli (10) . The nature of the particles with aerodynamic sizes of 24.7 ,um is not precisely known at this time. However, the fact that A. 'Atmospheric stability classifications range from A (very unstable) through C (neutral) to F (very stable) according to Pasquill (19) .
b Upwind checks.
fumigatus spores are exceedingly hydrophobic and have been observed to break from conidiophores in chains suggests that some particles which had aerodynamic sizes of >4.7 ,um may have been clumps of A. fumigatus spores. DISCUSSION The survey at the compost site indicated that the intensity of aerosolization was mainly associated with, mechanical movements of the compost piles. After the FEL stopped moving compost, the A. fumigatus aerosol at 3 and 30 m downwind of the piles was approximately 33 to 1,800 times less concentrated than that measured during movements and not significantly above background levels. However, because the ground of the site was covered with compost, it was unclear whether aerosolization was due to entrainment of surface dust, etc., by equipment wheels or to mechanical handling of the compost. The survey work suggested that the windblown losses of microbes from stationary piles trations were comparable to those measured during the survey. The atmospheric dispersion model, which was used with some judgment in the selection of the effective source strength (e.g., 4.6 x 106 A. fumigatus particles per s), adequately describes the A. fumigatus aerosol dispersion at the test sites. Variation in emission rates (Table 6 ) between piles may be attributed to several factors, including (i) A. fumigatus concentration differences in the compost piles,
(ii) the uncertainties inherent in estimates of a, and a, in the model, and (iii) the fact that A. fumigatus particles traveling in that portion of the plume which is in contact with the ground may not be completely reflected as the model assumes (also, resuspension of these deposited particles would be possible). The fact that the concentrations of A. fumigatus in pile 1 were very nearly the same as those in pile 2 (1.2 x 103 to 3.3 x 103 and 1.8 x 103 to 6.9 x 103 A. fumigatus particles per g [dry weight] of compost, respectively) but the emission rates associated with these two piles were significantly different suggests that the efficiency of aerosolization can vary substantially. This is not especially surprising, considering the gross handling method used.
The dispersal tests were made during only a few different meterological conditions, but the results can be extended to a complete matrix of conditions by using the atmospheric dispersion model (19) and statistical data from the National Weather Service. In the example, with unstable atmospheric mixing the A. fumigatus concentration at 0.5 to 0.6 km along the plume center line would approximate the concentrations measured as background (Tables 2 and 3) . A survey sampling of actual background concentrations at potential downwind locations would be necessary in case evaluations, however, because of local variations in existing air spora.
In evaluating the dispersal of microbial aerosols to locations around composting sites, the frequency distribution of meteorological factors, such as wind speed, wind direction, and atmospheric stability, which contribute to restrictive (i.e., nondispersive) conditions and which may be expected to occur in the subject locality, should be considered. At a particular downwind location, some meteorological conditions do restrict dispersion, creating a high aerosol concentration; conversely, other conditions enhance dispersion and thus lower aerosol concentration.
The predictions of A. fumigatus aerosol concentrations presented here are based on the movement of compost by a single 4.5-cubic yard FEL. It is obvious from these and previous results (17) that fungus growth and release into the air can vary between piles ( Table 6 ). The emission rates reported here are not necessarily typical of those that might occur if the process were modified. Such modifications could include the use of (i) noncellulosic bulking agents, (ii) extended periods of undisturbed storage after peak heating stages of composting, (iii) largeror smaller-capacity FEL, operating at loading In addition to the above quantitative aspects of compost-associated aerosols are the qualitative aspects, which formed only a small part of this investigation. The results of the survey indicated that a variety of thermophilous actinomycetes and fungi were aerosolized. Some of these actinomycetes are known to incite hypersensitivity reactions in human respiratory systems when inhaled in large numbers (11) . The measured concentrations of thermophilous actinomycetes (maximum, 15,000 actinomycetes particles per mi), however, were not nearly as high as the maximum of 15 x 109 actinomycetes particles per m3 found by previous investigators studying such aerosols in barns during the shaking of moldy hay (12, 13) . A thorough characterization of the actinomycete component of the compost-associated aerosols is, however, of potential importance because of the close proximity of compost workers to the aerosols.
